The organization and distribution of the genes responsible for O antigen biosynthesis in various serogroups of Vibrio cholerae were investigated using several DNA probes derived from various regions of the genes responsible for O1 antigen biosynthesis. Based on the reactivity pattern of the probes against the various serogroups, the cluster of genes responsible for the O1 antigen biosynthesis could be broadly divided into six groups, designated as class 1^6. The class 3 cluster of genes corresponding to gmd to wbeO, wbeT and a part of wbeU was specific for only the O1 serogroup. The other cluster of genes (class 1, 2, 4^6) reacted with other serogroups of V. cholerae. These data indicate that serotype conversion in V. cholerae does not depend on a simple mutational event but may involve horizontal gene transfer not only between V. cholerae strains but also between V. cholerae and species other than V. cholerae. ß
Introduction
Until 1992, the O1 serogroup of Vibrio cholerae was recognized as the only causative agent of cholera. V. cholerae which do not agglutinate with O1 antiserum are collectively classi¢ed as non-O1 V. cholerae. The non-O1 V. cholerae are associated with sporadic cases of diarrhea and were not considered to possess epidemic potential until 1992 when a cholera epidemic caused by a novel non-O1 strain currently classi¢ed as O139 was recorded [1] . The sudden emergence of O139, its quick and swift spread and its unprecedented epidemic potential has raised many questions about the signi¢cance of non-O1 serogroups which were previously considered to be of negligible clinical signi¢cance.
In the O1 serogroup of V. cholerae, the complete nucleotide sequence of the 20-kb SstI fragment harboring the rfb region has been determined [2] and additional genes required for O1 antigen biosynthesis were subsequently identi¢ed [3] . Although being an important part of the LPS, the O antigen of the non-O1 serogroups has not been analyzed genetically either individually or in comparison with the region of the O antigen biosynthesis gene cluster of the O1 serogroup. Based on O antigen heterogeneity, V. cholerae is classi¢ed into 155 serogroups and each serogroup expresses a distinct O antigen [4] . This study was conducted to compare the chromosomal region encoding O antigen biosynthesis of the non-O1 serogroups with that of the O1 serogroup and thereby to gain insights into the mechanism of the formation of new serogroups of V. cholerae.
A preliminary account of this work was presented at the 32nd Joint Conferences of US^Japan Cooperative Medical Science Program, Cholera and Related Diarrheal Diseases Panel, held in Nagasaki on November 14^16, 1996.
Materials and methods

Bacterial strains
A total of 446 strains of V. cholerae including 169 clinical strains of V. cholerae O1 isolated in India and four reference strains of V. cholerae O1 representing the classical and El Tor biotypes and the Ogawa and Inaba serotypes of each biotype, 120 clinical strains of V. cholerae O139 isolated from various countries (India, China, Nepal, Thailand and Bangladesh) and 153 reference strains of V. cholerae non-O1 non-O139 representing serogroups O2Ô 155 were examined in this study. Additionally, nine strains belonging to species other than vibrios (Shigella dysenteriae, Shigella £exneri, Shigella boydii, Shigella sonnei, Salmonella typhi, Salmonella paratyphi, Citrobactor freundii, Klebsiella oxytoca and Escherichia coli) were included for the purpose of comparison.
PCR
PCR was performed as described previously [5] with minor modi¢cations. Primers used in this study are summarized in Table 1 . In most cases, each probe corresponded to a gene. However, in some cases, when the gene was too long or too short, the probes represented either a fragment of the gene or two genes represented by a single probe. DNA extracted from a reference strain of V. cholerae O1 classical biotype Ogawa (CL-NIH 41) was used as the template for the preparation of DNA probes from the region comprising the O1 antigen biosynthesis gene. PCR was initiated by adding Taq DNA polymerase (Takara, Japan) and performed in a thermal cycler (Biometra, Germany) with the following cycling conditions: denaturation at 94³C for 30 s, annealing at 50³C for 30 s and extension at 72³C for 1.5 min, which was repeated 29 times after the ¢rst cycle. The PCR products were puri¢ed by the QIA quick PCR puri¢cation kit (Qiagen, Germany) and used as DNA probes after con¢rming that the amplicon was a single product by agarose gel electrophoresis.
Colony blots
The test organisms were inoculated on nitrocellulose ¢lters (Schleicher and Schuell, Germany) layered over LB agar plates and incubated at 37³C overnight. The membranes containing the freshly grown strains were placed successively on the top of denaturation solution (0.5 M NaOH) for 10 min, three times on neutralization solution (1 M Tris-HCl, pH 7.0) for 1 min each and ¢nally on 1 M Tris-HCl (pH 7.0), 1.5 M NaCl for 10 min. The membranes were air-dried and DNA was cross-linked to the membrane using the GS Gene Linker UV Chamber (Bio-Rad, USA).
Radioisotope labelling
DNA probes were labelled with [K-32 P]dCTP (3000 mCi mmol 31 ) using multiprime DNA labelling systems (Amersham, USA). Radiolabelled probe was puri¢ed by a nick column as speci¢ed by the manufacturer (Pharmacia, Sweden).
Hybridization, washing and signal detection
The colony hybridization test was basically done following the procedure described by Moseley et al. [6] . Prior to hybridization with radiolabelled DNA probes, the ¢lters were incubated at 50³C for 2 h in pre-wash solution (5USSC, 0.1% SDS, 1 mM EDTA, pH 8.0). The ¢lters were then placed in fresh hybridization solution containing 50% formamide, 5USSC, 0.1% SDS, 1 mM EDTA, 1UDenhardt's solution and 0.2 mg ml 31 heat-denatured herring sperm DNA. After incubation at 42³C for 1 h, heatdenatured probe was added and hybridized at 42³C for 18 h. The ¢lters were washed in 2USSC with 0.1% SDS, twice for 10 min each, followed by washing in 1USSC with 0.1% SDS for 1 h at 65³C, rinsed again with 2USSC at room temperature and airdried. The ¢lter was exposed to X-ray ¢lm (Fuji Films, Japan) and developed.
Results and discussion
In order to investigate the arrangement of the cluster of genes responsible for O antigen biosynthesis among the 155 di¡erent O serogroups of V. cholerae, colony blots of 446 strains of V. cholerae were examined for hybridization with DNA probes derived from the 20-kb SstI fragment known to be responsible for O1 antigen biosynthesis. We examined the test strains, included in this study, for the genes located in the 20-kb SstI fragment harboring gmhD to a part of wbeV genes which corresponds to former orf2 and orf3 [2] (Fig. 1) . However, upon completion of this study, Fallarino et al. [3] reported that additional genes including the 3P part of wbeV, galE and wbeW are also required for O antigen biosynthesis. These additional genes were not examined in this study.
25 DNA probes were speci¢cally ampli¢ed by 25 sets of PCR primers listed in Table 1 . Colony hybridization data using these probes demonstrated that the 20-kb SstI fragment could be broadly divided into six classes as shown in Fig. 1 and Table  2 . Class 1, which corresponds to gmhD, reacted with all non-O1 serogroups except for O111, O116, O146, O147 and O155. gmhD previously designated as rfaD encodes ADP-L-glycero-D-mannoheptose-6-epimerase [7] and is involved in the core oligosaccharide synthesis. A mutation in this gene results in lack of O antigen because the incomplete synthesis of core oligosaccharide does not allow for the introduction of O antigen. Therefore, it is unlikely that the gmhD gene is absent in certain serogroups of V. cholerae. Either a homologue of the protein of gmhD is present in O111, O116, O146, O147 and O155 or other unidenti¢ed gene clusters could be involved in core oligosaccharide synthesis in the strains lacking the gmhD gene.
Class 2 which corresponds to manC and manB reacted with the 13 serogroups listed in Table 2 . manC and manB encode proteins homologous to phosphomannose isomerase-guanosine diphosphomannose pyrophosphorylase and phosphomannomutase, respectively [8] , which are involved in perosamine synthesis. According to Kondo et al. [9] , perosamine or perosamine derivatives are absent in all V. cholerae serogroups except for O1 and O140 and therefore, it is likely that the products of manC and manB in these serogroups are not related to synthesis of perosamine. The 5P half of wbeU also reacted with O8, O9, O23, O28, O37, O38 and O96 in addition to the serogroups listed in class 2. These additional serogroups were designated as class 2P. However, it is not clear why the 3P half of the wbeU did not react with any serogroups apart from the control serogroup O1. Further studies such as analysis of the wbeU gene in these serogroups are required to understand this anomaly. Class 3, harboring the gene fragments from gmd to wbeO, wbeT and wbeU, was particularly interesting because this class is speci¢c for the O1 serogroup. It is likely that this cluster of genes might be horizontally transferred to the V. cholerae O1 serogroup from a bacterium other than V. cholerae because this region along with the other regions of the O antigen biosynthesis gene cluster contains a lower G+C content (32^39%) in comparison to that of V. cholerae (48%) [2] . However, it must be mentioned that we did not detect a homologous sequence in the nine other additional species used as controls in this study. This region was subsequently used to design a set of PCR primers which can speci¢cally detect the O1 serogroup [10] .
Class 4 including wbeP and a 5P part of IS1358dl corresponding to former rfbQ reacted with several serogroups which are listed in Table 2 . Class 5 including the 3P part of IS1358 corresponding to former rfbR and rfbS reacted with several serogroups which are listed in Table 2 . IS1358dl comprising former rfbQ, rfbR and rfbS shows homology to the Hinc repeat of the rearrangement hot spot element found in E. coli [11^13]. IS1358dl homologues are found in many serogroups listed in Table 2 and is reported to be involved in serotype conversion of these serogroups [7, 14] . Interestingly, like the O139 serogroup, the genes in the right and left side of the IS1358dl in these serogroups are missing, indicating that the process by which serotype conversion occurs in these serogroups is likely to be the same or similar as that of O139. In a recent study on the distribution of seven genes £anking the IS1358 O139 element in 13 serogroups of V. cholerae, Dumontier and Berche [15] reported that all these genes and the IS1358 element were found only in V. cholerae O22, which has a similar genetic organization to that of O139. We performed a more exhaustive study comparing the genes of the O biosynthesis region of currently recognized serogroups of V. cholerae (O1^O155) and found that the O antigen biosynthesis gene cluster of V. cholerae O139 most closely resembles that of O22 Table 1 Nucleotide sequence of the primers used in this study Probe designation
Genes
Nucleotide position
Primer sequences sense Primer sequences antisense [16] . Further nucleotide sequence analysis showed that IS1358 and its £anking genes are slightly di¡er-ent between V. cholerae O139 and O22 [15, 16] , indicating that IS1358 was unlikely to play a direct role in serotype conversion between these serogroups. Further studies are required to understand the involvement of IS1358 in serotype conversion. Class 6 corresponding to the 3P part of the wbeV reacted with many serogroups listed in Table 2 and included those serogroups belonging to class 2. The distribution of the cluster of genes responsible for O1 antigen biosynthesis in 173 V. cholerae O1 strains and 120 V. cholerae O139 strains isolated from di¡erent countries was also examined. As shown in Table 2 , all the V. cholerae O1 strains included in this study hybridized with all the 25 probes listed in Table 1 , indicating the high degree of conservation of the O1 antigen cluster of genes in the O1 serogroup. On the other hand, the majority of the cluster of genes responsible for O1 antigen biosynthesis were not found in strains belonging to the O139 serogroup (Table 2) . Only probes corresponding to gmhD (former rfaD), wbeP (former rfbP) and IS1358dl (former rfbQ, rfbR and rfbS) fragments hybridized with the O139 serogroup as reported previously [13, 17, 18] . Since all the O1 and O139 strains tested in this study showed the same results, it can be said that irrespective of the time and place of isolation, all the O1 and O139 strains are identical as far as the cluster of genes responsible for O antigen biosynthesis is concerned. However, none of the nine strains used as control in this study which belong to species other than vibrios hybridized with the O1 probes used in this study, suggesting that this region is unique to V. cholerae. Among non-O1 serogroups of V. cholerae, the O140 serogroup, which was previously termed as the Hakata serogroup, had a maximum homology with the cluster of genes required for O1 antigen biosynthesis. Thus, the organization of the cluster of genes responsible for the biosynthesis of the somatic antigens of O140 is most similar to that of O1. Interestingly, strains belonging to the O140 serogroup have been shown to contain Inaba antigen factor C [19] . In addition, it has also been demonstrated that both O140 and O1 antigens are comprised of perosamine homopolymer with the di¡er-ence between O140 and O1 being related to only the side chain of the amino group at position four of the perosamine which is either a N-acetyl group or a N-3-deoxy-tetronyl group, respectively [20] . On the other hand, O116 is a serogroup which showed the greatest divergence in genetic organization of the cluster of genes as compared to V. cholerae O1 with O116 being the only serogroup which did not contain any of the homologous cluster of genes present on the 20-kb SstI fragment.
In summary, the data presented in this paper indicate that the cluster of genes responsible for O antigen biosynthesis in non-O1 serogroups is not just from point mutations of the O1 antigen biosynthesis cluster of genes and it is apparent that individual serogroups also contain their own set of a distinct cluster of genes, giving rise to the presence of various sugar moieties exclusive to its own kind which may have arisen by horizontal gene £ow among the V. cholerae serogroups, resulting in various combinations in the LPS region, leading to the formation of di¡erent serogroups. Colitose is one such example which is present in O22 and O139 serogroups only [21] . Further studies on the cluster of genes of non-O1 V. cholerae would provide useful insights into the genetic basis of O antigen polymorphism exhibited by individual serogroups of V. cholerae and the genetic events which take place in the emergence of novel strains of V. cholerae possessing epidemic potential.
